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Abstract
The dynamics of soil organic matter are a key factor controlling the terrestrial carbon 
cycle. Compound specific stable carbon isotope analysis has given new insight in the 
stability of individual organic molecules in soil. For lignin, which is one of the major 
plant compounds, available data suggest the existence of both a labile (turnover time less 
than a year) and a relatively stable (turnover time in the range of decades) pool. However, 
the existing data derive almost exclusively from agricultural soils in temperate climates. 
In order to extend the range both in ecosystem type and in observed time span, we 
analysed a pasture soil in subtropical Australia that had experienced a land use change 
from rainforest 90 years ago. We determined concentration and isotopic signature of 
lignin biomarkers and compared them to those of a still existing rainforest soil nearby and 
to samples of the respective vegetation.  The land use change shifted both the relative 
abundance of lignin biomarkers and their isotopic signatures. Especially the isotope data 
indicate that the pasture soil contains only small proportions of inherited rainforest-
derived lignin biomarkers, which are mostly close to or below the detection limit of the 
method. These drastic changes in the biomarker composition indicate that original lignin 
structures have little chance to persist in this soil over a century. Thus, the stable soil 
organic carbon identified by an earlier study in this soil is probably highly altered 
material, of which lignin biomarkers are not a suitable proxy. 
Keywords: Australia, compound-specific isotope analysis, CuO lignin, natural 13C 
labelling, rainforest, subtropical soil
1. Introduction
Land-use changes cannot only change the quantity but also the quality of organic matter 
inputs into soil. As plants vary in their biochemical composition, a new type of vegetation 
will lead to litter inputs to soil having a molecular composition that is different from the 
litter of the previous vegetation. Specific molecules that are indicative of their origin 
from a certain type of vegetation are called biomarkers (Amelung et al., 2008).
When the history of the land-use changes is known, such changes in composition 
(especially carbon isotopic signatures, but also relative abundances of biomarkers) can be 
used to collect information on dynamics of specific molecules in the soil. Changes in 
carbon isotope signature after a crop change from C3 to C4 plants have been used in 
agricultural experiments to separate the dynamics of old from that of new organic matter 
on a molecular level (e.g. Gleixner et al., 2002; Wiesenberg et al., 2004; Dignac et al., 
2005; Heim and Schmidt, 2007; Hofmann et al., 2009a, and the recent review by 
Amelung et al. (2008)). These experiments were typically performed in temperate regions 
and for a few decades at most. Quite obviously, the isotope (and molecular) signature of 
the previous vegetation is diluted with each new vegetation period. Nevertheless, in all of 
these experiments the soil organic matter still carried part of the isotope signature of the 
previous vegetation so that it was possible to analytically identify it and separate it from 
the newly introduced organic matter.
In some of these experiments, it was observed that the rates of organic matter and lignin 
decomposition slowed down after some years, suggesting the existence of a relatively 
stable subfraction. However, molecular dynamics that are inferred from such experiments 
are, strictly speaking, only valid for the time period of the experiment, and any 
extrapolation to longer time periods relies on assumptions that can only be tested if 
longer experiments are available. 
Tropical and wet subtropical regions are characterized by high rates of litter 
decomposition and organic matter turnover (Raich et al., 2006). Under these conditions, 
one would expect that chances of individual molecules to persist in soil over several 
decades are small unless very efficient stabilization mechanisms operate. 
However, compound-specific 13C studies specifically addressing the residence times of 
individual plant-derived molecules in soil have up to now mostly focused on temperate 
regions and agricultural systems (cf. the compilation by Amelung et al. (2008)).
In this study, we analyzed the 13C signature of lignin biomarkers from a subtropical 
rainforest-to-pasture conversion. Earlier studies at this site have already observed 
effective stabilization of bulk organic matter in microaggregates, leading to conservation 
of about 20% of forest-derived organic matter during 90 years of pasture (Skjemstad et 
al., 1990; 2008). 
The aim of this study was to test if lignin contributes to this stabilized organic matter by 
comparing both molecular information and carbon isotope signature of lignin between 
pasture and rainforest soils and relating this information to the lignin biomarker 
abundance and isotopic signature in the respective plant inputs.
2. Material and methods 
2.1. Study site and field sampling
The study area is located near Whian Whian, in Northern New South Wales, Australia 
(28° 40’ S, 153° 20’ E) at an elevation of 180 m above sea level. Mean annual rainfall is 
2594 mm and temperature varies between 5°C and 29°C during the year. The soils are 
oxisols (Kandiperox according to Soil Taxonomy (Soil Survey Staff, 2003)). We are 
comparing two sites, rainforest (RF) and pasture (P). Soil pH is 5.5 under rainforest and 
4.7 under pasture, the average clay content is 48%, and Al2O3 and Fe2O3 contribute 
approximately 20% each to the soil weight (Skjemstad et al. 2008). The Corg content in 
the topsoil was about 7 % in pasture soil and 8.5 % in the rainforest soil; the subsoil at 
60-80 cm contained approximately 1% Corg at both sites (Skjemstad et al. 1990). The RF 
site is under native vegetation, which is an evergreen subtropical rainforest. At the P site, 
the rainforest had been cleared in 1905 and the site had been planted to Paspalum 
dilatatum, a C4 grass. By about 1960, the Paspalum pasture had been replanted to 
another C4 grass, Kikuyu (Pennisetum clandestinum). Further details can be found in 
Skjemstad et al. (1990; 2008). 
Subsamples of the samples used by Skjemstad et al. (2008) were used for this study. 
These soil samples had been taken in 1995 from the 0-7.5 cm depth increment of the 
mineral soil. A total of 9 soil cores were taken per site and pooled to yield one large 
representative sample per site. On the pasture site, these cores were taken in a 3m x 3m 
grid, whereas on the rainforest site, such a regular grid was not feasible. Cores were taken 
between trees, to avoid large roots, and the distance between cores was at least 5m. The 
samples were air-dried and soil aggregates were ground to pass a 2 mm sieve. Large 
pieces of litter were removed by hand and gravel > 2 mm was not observed. Plant 
samples were randomly taken from intact rainforest (mixed sample from litter layer, 
wood, and roots from the 0-7.5 cm soil depth). Plant samples for the pasture were fresh 
grass and roots from the 0-7.5 cm soil depth. Root samples were taken from the same 
depth as soil samples in order to allow direct comparison of lignin biomarkers in SOM 
with those in the corresponding root input.
2.2. Chemical analyses
Carbon and nitrogen concentrations in bulk soil samples were measured with a CHN 
analyser (Vario EL, Elementar Analysensysteme, Hanau, Germany). Before isotope 
analysis, all soil samples were treated with 10% HCl in order to remove any traces of 
carbonates. The carbon isotopic composition of the bulk soil and plant samples, and the 
carbon content of the plant samples, were determined in duplicate using a Europa 
Scientific Roboprep-CN elemental analyser, coupled to a Europa Scientific 20-20 isotope 
ratio mass spectrometer (Iso-Analytical Ltd, Sandbach, Cheshire, UK). 
For lignin analysis, the samples were oxidized in a microwave oven using the CuO 
oxidation method and cleaned up using solid phase extraction over C18 columns (for more 
details, see Heim and Schmidt (2007)). Five replicate extractions were performed per soil 
sample and three replicate extractions per plant sample. Samples were derivatised with 
N,O-bis (trimethylsilyl) trifluoroacetamide / tetramethylchlorosilane (BSTFA / TMCS; 
99:1; Fluka, Buchs, Switzerland) immediately before gas chromatography (GC) analysis. 
Quantification was carried out using a gas chromatograph with flame ionisation detector 
(HP 6890N Plus, Agilent Technologies, Santa Clara, USA), with anisic acid (added 
before derivatisation) as internal standard for quantification and ethylvanillin and 
cinnamic acid (added after CuO oxidation) to correct for losses during sample 
preparation. Analysis conditions were: 1 µl injection volume; injector temperature 290 
°C; column DB5MS (50 m x 0.20 mm x 0.33µm); 5 m pre-column (fused silica); He flow 
rate 1.2 ml min-1; temperature programme: 100°C to 160°C at 3°C min-1 (held for 5 min), 
160o C to 250°C at 3°C min-1, then to 320°C at 10°C min-1 (held for 10 min). 
Compound specific isotope analysis of the CuO oxidation products (Goñi and Eglinton, 
1996) were performed at least in duplicate for each replicate sample using a gas 
chromatography system (Gas chromatograph HP 6890N Plus, Agilent Technologies, 
Santa Clara, USA) coupled via a combustion interface (Combustion III, Finnigan-
Thermoquest, Bremen, Germany) to an isotope-ratio mass spectrometer (MAT 252, 
Finnigan, Bremen, Germany). The same column and temperature programme as above 
were used. C24 n-alkane was added to the samples as an internal standard for CSIA. The 
off-line δ13C value of this alkane from an elemental analyser coupled to an IRMS was 
used to correct for isotopic shift during analysis.
2.3. Data analysis
We used the compound-specific isotope data in a two-source mixing model to calculate 
the rainforest-derived proportion f for each biomarker in the pasture soil according to the 
formula
 
f =1- dsoil, p - dsoil, rfdinput, p - dinput, rf
 (1)
where δ indicates the measured isotope values, the subscripts soil and input denote soil 
samples and samples of plant material (average of aboveground litter and roots), 
respectively, and p and rf refer to pasture and rainforest, respectively.
In order to account for differences in the concentration of a specific biomarker between 
the two soils, the calculated fraction f was multiplied by the concentration of this 
biomarker in the pasture soil and then related to the concentration in the original 
rainforest soil:
 
percentage remaining = 100 * csoil, p * fcsoil, rf
 (2)
where csoil,p and csoil,rf denote the total concentration of the biomarker in the pasture and 
rainforest soil, respectively, and f is the rainforest-derived fraction in the pasture soil, as 
calculated in eq. (1). Standard errors of derived variables were calculated by error 
propagation from the standard errors determined by the replicate extractions (see above).
3. Results
3.1. Lignin concentrations
Rainforest soil contains 14.5 mg CVSC/g Corg of lignin biomarkers (sum of vanillyl (V), 
syringyl (S) and cinnamyl (C) units, VSC), whereas their concentration in pasture soil 
(8.3 mg CVSC/g Corg, table 1) is approximately only half of that in rainforest soil. The 
samples of input material such as leaf litter, wood, and roots, have higher VSC 
concentrations between 33 and 67 mg CVSC/g Corg. Vanillic units are most abundant in the 
soil, and vanillin is the most abundant individual biomarker in soil samples but not 
always in plant samples. Both pasture soil and pasture plant samples are characterised by 
a significant proportion of cinnamyl units (28-42% of all biomarkers), which are much 
less abundant in samples from the rainforest (< 7% of total biomarkers, except in 
rainforest litter, where they reach 16%).
3.2. Isotopic information
Soil lignin from the pasture soil is enriched in 13C compared with that from rainforest 
(Table 2). This reflects the different input materials: litter and root samples from 
rainforest are more depleted in 13C than samples of the pasture grass. The percentage of 
rainforest-derived carbon in lignin monomers from the pasture soil, calculated with a 
two-source mixing model, varies between 0 and 10% for seven out of eight monomers, 
while it is 62% for p-coumaric acid (Table 3). The weighted average of all monomers 
indicates that only about 7% of lignin in the pasture soil derives from the rainforest 
vegetation. However, this value is within the range of uncertainty for this analytical 
technique, i.e. below the limit of quantification.
4. Discussion
4.1. Total lignin concentrations
The lignin concentrations in these soils are very similar to those in soils under similar 
land-use in other climates, e.g. temperate forest soils (Kögel, 1986), North American 
grasslands (Amelung et al., 1999), temperate forest and grassland (Guggenberger et al., 
1994). Results reported for tropical pastures are similar, but lignin contents in native 
savannah soils are much lower (Guggenberger et al., 1995).
4.2. Molecular fractionation during decomposition
The rainforest soil (filled diamond, Fig. 1), which is assumed not to have experienced 
major vegetation changes for the last 1000 years (Skjemstad et al., 2008) shows that the 
signature of lignin biomarkers in soil is not a mixture of the signatures of the inputs 
(other filled symbols). We cannot fully exclude that spatial and temporal variability of the 
inputs not reflected in our samples caused this observation, but we consider preferential 
degradation of some monomers as the more likely cause. First, we used mixed samples of 
plant litter and soil to average over any potentially existing spatial variability, and second, 
the rainforest is in a climax state where no major vegetation changes would be expected. 
Preferential degradation of lignin monomers, on the other hand, has been reported before 
(e.g. Kögel, 1986; Lobe et al., 2002; Bahri et al., 2006).
((Insert Fig.1 here))
Plant parts and litter tend to be poorer in vanillyl units (Fig. 1a) and richer in aldehydes 
(Fig. 1b) than the respective soil. This is consistent with the relative decrease in 
aldehydes and syringyl/vanillyl ratios that has been reported to occur in temperate forest 
floor layers with increasing degree of degradation (Kögel, 1986). The decrease in 
syringyl/vanillyl ratio has been attributed to the higher degree of crosslinking – producing 
greater resistance to degradation – between vanillyl units, or to the possibility that 
syringyl units, by partial demethoxylation, can be converted into vanillyl units (Bahri et 
al., 2006). This molecular fractionation introduces uncertainty when ratios between 
biomarkers alone are used in a mixing model to quantify the relative contributions of two 
sources. Therefore, including compound-specific isotope data in the analysis represents 
an independent second approach to estimate the proportion of rainforest-derived lignin in 
the pasture soil.
4.3. Low stability of lignin biomarkers
Lignin biomarkers as obtained from CuO oxidation are not a quantitative measure of the 
total lignin content, or the carbon deriving from a lignin source. Partial degradation of the 
lignin macromolecule will result in degradation products that are not detectable by the 
CuO method. Thus, it is an inherent feature of the method only to detect lignin that is 
unaltered in the sense that upon CuO oxidation it still produces the typical lignin 
biomarkers. The relative abundances of aldehydes, acids and ketones in each of the two 
soils (Fig. 1b) are quite similar to the abundances in the plant and litter samples from the 
respective site, but different from the other site. Because selective molecular degradation 
can occur during decomposition (as explained above), vegetation changes cannot 
exclusively explain compositional data from CuO analysis. Nonetheless, it is much more 
likely that the observed pattern was caused mainly by the fact that the pasture soil does 
not retain a significant molecular label from the former rainforest vegetation.
When plotting relative abundances of cinnamyl, vanillyl, and syringyl structural units 
(Fig. 1a), a similar pattern is observed. However, the small proportion of cinnamyl units 
in the pasture soil compared with the pasture vegetation might indicate some remaining 
rainforest lignin, which is very low in cinnamyl units. On the other hand, preferential loss 
of cinnamyl units (resulting in a reduced C/V ratio) is typical during lignin decomposition 
in many ecosystems (e.g. Kögel, 1986; Lobe et al., 2002; Bahri et al., 2006). It seems 
likely that this latter effect might cause the low cinnamyl proportion in this pasture soil.
Beside these relative abundances of lignin marker molecules, their isotopic composition 
provides an additional tool to estimate the rainforest-derived proportion of lignin. Pasture 
soil lignin is similarly enriched in 13C as is pasture vegetation. Thus the calculated 
proportion of rainforest-derived lignin is small and often in the range of or smaller than 
the analytical uncertainty. Though this hampers exact quantification of the forest-derived 
proportions, these data qualitatively support the conclusions drawn from the relative 
biomarker abundances (Figs 1a and b). They indicate that rainforest-derived lignin 
contributes a minor fraction, if any, to the lignin found in the pasture soil. 
Only for the major rainforest biomarkers we can quantitatively estimate the remaining 
proportion of rainforest lignin in pasture soil. By contrast, for those biomarkers that occur 
in small concentrations in rainforest soil and increase in concentration due to their high 
abundance in pasture vegetation (especially the cinnamyl units p-coumaric acid and 
ferulic acid), the uncertainty of the isotope measurements is too large compared with the 
small concentrations in the rainforest soil. 
We focus therefore on the two most abundant lignin biomarkers in rainforest soil, i.e. 
vanillin and syringaldehyde, which contribute more than 50% to the sum of the eight 
lignin biomarkers. In the pasture soil, not only their total concentrations are much lower 
but also the isotope data indicate that only a small proportion of them might derive from 
the rainforest. These small amounts of rainforest-derived Vl and Sl that remain in pasture 
soil clearly indicate that over 90 years, most of the original molecular structure of lignin 
is not preserved. However, the CuO method cannot give information on whether the lost 
structures have been mineralised to CO2 or chemically modified and incorporated into 
new molecular structures. Therefore the loss of the original lignin structure cannot be 
considered equivalent to a complete degradation and mineralization.
4.4. Can the observed loss of old lignin be explained by a dominance of fresh particulate 
organic matter in this soil? 
On the one hand, total organic matter in this soil is clearly not dominated by particulate 
organic matter, as can be concluded from the data published by Skjemstad et al. 2008. 
Although these authors did not report particulate organic carbon explicitly, recalculation 
of their data shows that after their procedure to remove POC (aggregate destruction and 
sieving to 53 µm), the < 53 µm fraction contains 92 % (rainforest) and 82 % (pasture) of 
the soil organic carbon. They concluded that most soil organic carbon is stabilized in 
microaggregates  < 53 µm.
On the other hand, Sollins et al. (2009) have shown that low-density soil fractions (i.e. 
particulate organic matter) are typically enriched in lignin compared with high-density 
soil fractions (i.e. mineral associated organic matter). Therefore, although POM contains 
only 8-18 % of the SOC, it most probably contains a higher percentage of total lignin 
biomarkers. This fraction of the lignin is potentially labile and therefore responsive to 
land-use changes. Whether this lignin in POM accounts for all of the lost rainforest 
biomarkers remains unknown. To answer this question, a detailed fractionation study and 
the analysis of biomarker specific isotope values in the density fractions would be 
needed, which was clearly beyond the focus of this study.
4.5. Is the low stability of lignin related to the climatic conditions at this site?
While earlier studies in temperate soils (Hofmann et al., 2009ab) have suggested that 
lignin degradation might slow down after some decades and a stable fraction of it might 
have a very long turnover-time, the present biomarker study, performed under subtropical 
conditions, failed to present evidence of such a stable lignin fraction after 90 years. 
Although our case study cannot be generalized, our observation is in line with the results 
of a recent pyrolysis-GC/MS study of soil organic matter in different climatic regions. 
These authors found only low lignin concentrations in tropical soils and concluded that 
under favourable decomposition conditions there is no evidence of a chemical 
stabilization of any SOM fraction (Vancampenhout et al., 2009). Marschner et al. (2008) 
deny a significant role for chemical recalcitrance as a potential stabilization mechanism 
for soil organic matter also in temperate soils. However, for temperate and cool climates, 
so far no data have been published that would span a time range of almost a century. For 
this general scarcity of available data, it is not possible to relate our observation to 
climate.  
5. Conclusions
Both the molecular and lignin-specific isotope signature of a subtropical rainforest soil 
change significantly upon land-use change to pasture. After 90 years under pasture, 
compound specific isotope analysis cannot detect significant quantities of rainforest-
derived lignin biomarkers any more. The original molecular structures of rainforest lignin 
therefore seem not to be preserved in soil over this period, in contrast to bulk soil organic 
carbon, of which about 20% remain stabilized in this oxisol. This is further indirect 
evidence that stable SOC in this soil is not original plant material.
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Figure caption
Figure 1: Relative abundances of a) vanillyl (Vd, Vl, Vn, for abbreviations, see table 1), 
syringyl (Sd, Sl, Sn), and cinnamyl (pCd, Fd) biomarkers, and b) acid (Vd, Sd, pCd, Fd), 
aldehyde (Vl, Sl) and ketone (Vn, Sn) biomarkers in plants and soils of a forest-to-pasture 
conversion on an Australian oxisol. Filled symbols indicate rainforest, empty symbols 
indicate pasture. Large diamonds represent topsoils, triangles – aboveground litter, 
squares – roots, circle – wood sample.
Tables
Table 1. Concentrations of lignin biomarkers (mean ± analytical SE in plants and soils of 
a forest-to-pasture conversion on an Australian Oxisol. Coding of lignin monomers: Vd – 
vanillic acid, Vl – vanillin, Vn – acetovanillone, Sd – syringic acid, Sl – syringaldehyde, 
Sn – acetosyringone, pCd – para-coumaric acid, Fd – ferulic acid.
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Table 2. Isotope data (mean +,-of lignin monomers in rainforest and pasture 
soil (corrected for BSTFA carbon). Coding of lignin monomers as in table 1.
Vd Vl Vn Sd Sl Sn pCd Fd
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Pasture soil '#" '&" '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" '!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
Rainforest litter '"%&% '" #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& ' '%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Rainforest - mixed roots '"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Pasture - mixed grass 
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Table 3. Concentrations of lignin biomarkers in pasture soil partitioned into rainforest-
derived (C3 origin) and pasture-derived (C4 origin) lignin, based on compound-specific 
isotope data. Concentrations of lignin biomarkers in the rainforest soil are shown at the 
bottom and used to calculate the proportion of rainforest-derived lignin remaining in the 
pasture soil. Data are mean ± analytical SE. Coding of lignin monomers as in table 1.
Vd Vl Vn Sd Sl Sn pCd Fd
Pasture soil 
(µg C/g sample)
63 ± 4 112 ± 1 55 ± 2 48 ± 3 94 ± 2 43 ± 8 80 ± 4 87 ± 7
Proportion C4 derived 
(%) (a)
80 ± 22 89 ± 4 86 ± 7 112 ± 5 
(b)
77 ± 10 92 ± 6 83 ± 8 
(c)
103 ± 10 
(b)
C4-derived 
concentration 
(µg C/g sample)
50 ± 14   100 ± 5 47 ± 4 48 ± 4 73 ± 10 39 ± 8 66 ± 7 87 ± 11 
C3-derived 
concentration 
(µg C/g sample)
13 ± 14 12 ± 5 8 ± 4 0 ± 4 21 ± 10 3 ± 8 14 ± 7 0 ± 11
Rainforest soil 
(µg C/g sample)
128 ± 11 407 ± 19 150 ± 4 123 ± 5 242 ± 12 101 ± 21 22 ± 2 63 ± 3
Proportion of rainforest 
lignin remaining in 
pasture soil (%)
10 ± 11 3 ± 1 5 ± 3 0 ± 3 9 ± 4 3 ± 8 62 ± 31 0 ± 17
(a) Percentage calculated under the assumption that root inputs constitutes the dominant input to the 
soil lignin pool; with the exception of p-coumaric acid, pCd
(b) For Sd and Fd , the calculated isotopic difference between soil lignin was larger than between the 
inputs, which results in a C4-derived proportion of >100%. In these cases the value was set to 
100% for subsequent calculations.
(c) C4-derived lignin for pCd was calculated assuming mainly RF litter and P roots as dominating 
inputs, as RF roots and RF wood contained only traces of pCd
